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chosen from a discrete set of 8 direction differences and the subjects could not predict 136 whether it would be a 'same' trial, a difficult 'different' trial or an easy 'different ' trial. 137 For data analysis, performance from all sessions was pooled (usually 2-3 sessions and an 138 average of 475 trials per subject). Thresholds were defined as the smallest angle between 139 sample and test directions that allowed for discrimination at the 75% correct level. These 140 were calculated by fitting the data with a Weibull function, weighted by the number of 141 trials at each point, using the maximum likelihood method (Quick 1974; Zaksas et al. 142 2001) . 143 144 The second variation of the task was aimed at testing whether subjects had a critical 145 spatial separation similar to that seen in the monkey. This task was similar to the task 146 described above and differed only in the following ways. Firstly, the fixation point was 147 located at the center of the screen, so the subject was not required to make any saccades. 148
Secondly, the stimuli could appear at 3, 7, or 14 deg eccentricity (although only one 149 eccentricity was used in a block of trials). The aperture sizes and velocities were 150 optimized for each condition (Table 1) . Thirdly, while the sample was always placed in 151 the same location within a block, the test could appear in any of 4 locations: the same 152 location as the sample or one of 3 different locations with various stimulus separations 153 (Table 1) . Within a block, both the sample and test were always placed in the same visual 154 hemifield at the same eccentricity. Thus, the sample and test appeared at locations around 155 an imaginary circle, with separations measured directly between the center of the two 156 stimuli. Fourthly, the fixation point did not have a mark that pointed to the stimulus 157 location, so there was some uncertainty in where the test could appear. Finally, within a 158 session, only two direction differences were tested. These were chosen to be close to the 159 subject's threshold. Data were analyzed if, within a session, there was a step function in 160 performance in which the better performance was in the condition in which there was no 161 spatial separation. Generally, a difference in performance can only be seen along the 162 sloping portion of the psychometric function (see difference between functions in Fig.  163 2a). Because we only sampled 2 points on the function, we would sometimes get 164 performance that was on the asymptotes. In these sessions we found no change in 165 performance for any separation. Critical spatial separations were defined as the spatialseparation of stimuli in the match-to-sample task that produced a decline in performance. 167
These were calculated by fitting a sigmoid function to the performance data plotted as a 168 function of the spatial separation and taking the midpoint of the function as the critical 169 spatial separation. 170
171

Results
172
Spatiotopic vs retinotopic 173
To ask whether optimal performance on a memory for motion task requires the sample 174 and test to be in the same spatial or retinal locations, we recorded data from 8 human 175 subjects performing a direction discrimination task. In the task, they compared the 176 directions of motion of two coherently moving random-dot stimuli (sample and test) 177 separated by a 1350 ms delay during which a 10 degree saccadic eye movement was 178 made to the right or left. In this paradigm the test could appear either in the same retinal 179 or spatial location as the sample (Fig. 1) . 180 181 Subjects' performance was better when the sample and test were placed in the same 182 spatial location than when they were placed in the same retinal location. Figure 2a shows 183 the data from a single subject. The performance of the subject is plotted against the angle 184 of direction difference between the sample and test stimuli. To calculate the threshold, 185 the data in each condition were fitted with a Weibull function and the threshold was 186 defined as the direction difference at which the subject could perform the discrimination 187 at 75% correct. The data obtained in the retinotopic condition is shown by the black 188 circles (fit shown by solid line, R 2 =0.919) while the data from the spatiotopic condition is 189 denoted by crosses (fit shown by dashed line, R 2 = 0.950). The data demonstrates that the 190 subject was able to discriminate smaller direction differences in the spatiotopic condition 191 (threshold: 7.73 deg) than in the retinotopic condition (threshold: 10.03 deg). Indeed, at 192 direction differences near to the threshold, the subject consistently performed better when 193 the stimuli were in the same spatial positions. 194 spatial location than when they were in the same retinal location (Fig. 2b) . Here we 197 compare the thresholds from each individual under the two conditions. All of the points 198 fall below the dashed unity line, showing that all subjects were able to distinguish smaller 199 angle differences in the spatiotopic condition compared to the retinotopic condition. 200
Thus, across the population, there was a significantly lower threshold in the spatiotopic 201 condition compared to the retinotopic condition (paired t-test, p=0.001). Independent of 202 performance, saccade metrics were the same under both conditions for all subjects. 203
204
Performance at an unrelated location was not significantly better than performance at the 205 retinotopic location. To test whether the better performance at the spatiotopic location 206 was due to a local deficit at the retinotopic location rather than an enhancement at the 207 spatiotopic location, we tested the 5 subjects who participated in all experiments in a 208 control task. In this task, the test could appear at the same retinal location or at a different 209 control location. The control location was at equal eccentricity to the sample, was not in 210 the spatiotopic location, and was counterbalanced so that no retinal location was tested 211 more often than any other location in either condition. As in the main task, a small point 212 on the fixation spot indicated the location of the test stimulus. We found that performance 213 was similar in the retinotopic and control conditions (p>0.95, paired t-test), with 214 thresholds (mean±SEM) of 11.67±1.32 deg and 11.64±0.67 deg for the retinal and 215 different conditions respectively. In addition, the mean performance in the control 216 condition was significantly worse than in the spatiotopic condition when data from the 217 same 5 subjects were compared (p=0.013, 2-tailed t-test assuming unequal variance). 218
These data show that the difference between thresholds at the spatiotopic and retinotopic 219 conditions was due to enhanced performance at the spatiotopic location. 220
221
The relationship between retinal eccentricity and critical spatial separation 222
Having previously shown that the critical spatial separation correlated with the receptive 223 field size of MT neurons in the monkey (Zaksas et al. 2001) , and then finding that the 224 optimal reference frame was in spatiotopic coordinates in humans, we asked what the 225 relationship was between retinal eccentricity and critical spatial separation in the human.
proposed 2 plausible reasons that could explain the difference between our result and the 228 previous animal result. First, humans may not use MT, in which case the critical spatial 229 separation, representing the receptive field size, may be different in the two species. 230
Second, the assumption that MT only operates in a retinotopic coordinate frame may be 231 incorrect (d'Avossa et al. 2007 ), thus our results may still implicate area MT in this task. 232
To test these two possibilities, 8 subjects performed a direction discrimination task in 233 which the sample and test always appeared at the same eccentricity, but could be 234 separated by varying degrees of visual angle. In any given block of trials, only one out of 235 three eccentricities (3.5, 7, and 14 degrees) was tested and within the block the stimulus 236 size, speed of the dots and separation distances were kept constant (Table 1) . 237 238 As eccentricity increased, the distance between stimuli required to induce a drop in 239 performance increased. For each eccentricity from each subject, a sigmoidal function was 240 fitted to the data points and the midpoint of the function was taken as a measure of the 241 critical spatial separation. For example, Figure 3 shows the performance from the same 242 single subject as in Figure 2a plotted against the separation distance between the sample 243 and test stimuli. The red circles and fit demonstrates the subject's performance at 3.5 244 degrees eccentricity, the blue at 7 degrees eccentricity, and the black at 14 degrees 245 eccentricity. 246
247
The relationship between critical spatial separation and retinal eccentricity was consistent 248 among all the subjects; there was an increase in critical spatial separation as eccentricity 249 increased. The average critical spatial separations for the 8 subjects are plotted in Figure  250 4 as a function of eccentricity (black circles). The critical separation for locations closer 251 to the fovea were smaller, and increased with distance, consistent with the relationship 252 between eccentricities and receptive field sizes in various visual areas in the monkey 253 
Discussion
261
We have shown that thresholds for direction discrimination in a memory for motion task 262 are better when the sample and test stimulus are placed in the same spatial locations 263 compared to when they are placed in the same retinal location or in a control location 264 following a saccade. This is perhaps unsurprising given our experience in everyday 265
conditions -the motion information we use in short-term memory comes from motion in 266 space rather than motion that is tied to the retina. More surprising was the finding that the 267 critical spatial separation that induces the behavioral differences in performance best 268 approximated the size of receptive fields in MT -an area generally thought to process 269 information in an exclusively retinotopic coordinate frame. 270
271
Our interpretation of these data rest on the assumption that the task will be performed 272 optimally when the same processing unit is involved at critical junctures within the trial. 273
By moving a stimulus to a new location, a new unit with the appropriate spatial receptive 274 field will be recruited, and the transfer of information from one unit to another will 275 introduce noise. We observe this noise as a slight decrease in performance. Thus, our 276 interpretation of the data is that the areas involved in the storage and comparison of this 277 information must have a spatiotopic reference frame, because performance was reduced 278 when the test stimulus was placed in the same retinal location or a control location 279 following a saccade. The simplest explanation for our finding is that information is 280 automatically transferred to the appropriate processing unit during a saccade. This could 281 occur via a remapping mechanism similar to that seen in the lateral intraparietal area 282 (Duhamel et al. 1992; Kusunoki, Goldberg 2003) , the frontal eye fields (Umeno, 283
Goldberg 1997), the superior colliculus (Walker et al. 1995 ) and a number of visual areas 284 (Nakamura, Colby 2002). In this case, by placing the test in the same retinal location after 285 a saccade, the decrease in performance results from shifting the information back to the 286 original unit, which had just had the information shifted away by the remapping 287 mechanism. 288
289
We think it unlikely that the dim lighting in the room biased performance towards a 290 spatiotopic coordinate frame. Our reason for this is that in studying the motion aftereffect 291 in a dimly lit room, Knapen et al (2009) found the effect in the retinotopic location rather 292 than a spatiotopic location. Suggesting that the presence of light does not automatically 293 set all motion processing to a spatiotopic reference frame. Conversely, using slightly 294 different stimuli in a dark room, Ezzati et al (2008) found a weak motion aftereffect in 295 the spatiotopic location in addition to that in the retinotopic location. This suggests that 296 light is not necessary for spatiotopic processing. 297
298
It is also possible that the better performance in the spatiotopic condition does not 299 represent improved performance at the spatiotopic location, rather it is due to a local 300 deficit in performance at the retinotopic location due to adaptation or some other low 301 level process. This is unlikely to be due to adaptation, given that adaptation causes the 302 repulsion of directions of motion near to the adapting stimulus, which would predict 303 better performance at the retinotopic location than the spatiotopic location (Wenderoth, 304 Wiese 2008). Our sample stimulus was only 500 ms and the directions changed on each 305 trial, so it is unlikely that adaptation played a major role in this task. In line with this, we 306 found no difference in performance between the control condition and the retinotopic 307 condition, but we did find a significant difference between the control condition and the 308 spatiotopic condition. This suggests that the better performance at the spatiotopic location 309 implies a benefit at this location, rather than a deficit at the retinotopic location. 310
311
Having found that there is a spatial component involved in processing memory for 312 motion in the monkey, Zaksas et al (2001) showed that the critical spatial separation 313 changed with eccentricity in a way that matched the receptive field sizes in area MT. In 314 our study, we looked to see whether this would also be seen with humans. Our logic is 315 that the critical spatial separation gives an indication of the region of space covered by12 interpret this to mean the receptive field sizes of the neurons within the brain area 318 involved in this process. The theory is that if the two stimuli are separated but still close 319 enough that they would both fall within the neurons' receptive fields, then no decrement 320 would be seen because the processing would remain within the set of neurons (ie. the 321 processing unit). Conversely, if the two stimuli are separated by more than a receptive 322 field diameter, then information would have to be transferred from one set of neurons to 323
another. In this case, noise would be introduced and performance would suffer. In Figure  324 4, we superimposed the mean critical spatial separations of our data (circles) on the 325 plotted receptive field sizes of neurons in cortical areas V1, V3, MT, LIP, and MST as 326 taken from the literature (Albright, Desimone 1987; Ben Hamed et al. 2001; Desimone, 327 Ungerleider 1986; Dow et al. 1981; Felleman, Van Essen 1987) . On its own, the data 328 from our study appear to best correspond to the receptive field to retinal eccentricity 329 relationship of area MT; when taken together with the monkey data, the association only 330 becomes stronger. It should be noted that the critical spatial separation measurements in 331 this study should be viewed as rough approximations of the actual values. This task was 332 imperfect in the sense that we neither collected full psychometric functions for each 333 separation, nor did we test enough separations to get an accurate representation of when 334 the performance begins to drop. However, the data are still clear enough to show that the 335 performance drop occurred at greater distances at greater eccentricities and the estimates 336 of the critical spatial separations are similar to the previous estimates in the monkey. We 337 should also note that the only evidence linking the spatiotopic effects with MT is the 338 relationship between the critical separation and eccentricity. While psychophysics can 339 never link, with 100% certainty, the role of a cortical area with the process being studied, 340 ours does so as convincingly as possible. Given that MT is the only cortical area with a 341 receptive field profile that matches our critical separation measures and is also involved 342 in processing motion and memory for motion information -we can think of no other 343 plausible explanation for our results. 344 345 Area MT has been well studied in the monkey and is traditionally thought of as a 346 retinotopic area. Recently, it has been suggested that MT may be involved in spatiotopic 347 processing. Evidence for this comes from a psychophysical study that showed that the (Melcher, Morrone 2003) and from an fMRI study that showed spatiotopic BOLD 350 information in MT (d'Avossa et al. 2007 ). However, a more recent study found no 351 evidence for spatiotopic processing in the BOLD response (Gardner et al. 2008 ) and 352 results from psychophysical studies on motion or direction aftereffects, both thought to 353 involve MT, have predominantly found evidence for retinotopic processing with weak if 354 any evidence for spatiotopic processing (Ezzati et al. 2008; Knapen et al. 2009; 355 Wenderoth, Wiese 2008) . Interestingly, apart from the presence of gain fields (Bremmer 356 et al. 1997) , there is no electrophysiological evidence to support the idea of MT as 357 processing spatiotopic information, although one study, examining a codebook readout of 358 a population of neurons, did not find evidence of pure spatiotopic processing (Krekelberg 359 et al. 2003) . Our data appear to strongly support the hypothesis that MT in the human can 360 process visual motion information in a spatiotopic coordinate frame. Indeed, our data 361 would suggest that it is a default mechanism, since there was a significant difference in 362 performance under the two conditions and the subjects were always aware of where the 363 stimuli would appear. Whether this is unique to the human or whether MT neurons in the 364 monkey will be shown to have spatiotopic properties, such as peri-saccadic remapping, is 365 yet to be shown. 
